A widely studied example of vertebrate plasticity is LTP (long-term potentiation), the persistent synaptic enhancement that follows a brief period of coinciding pre-and post-synaptic activity. During LTP, different kinases, including CaMKII (calcium/calmodulin-dependent protein kinase II) and protein kinase A, become activated and play critical roles in induction and maintenance of enhanced transmission. Biochemical analyses have revealed several regulated phosphorylation sites in the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor subunits, GluR1 and GluR4. The regulated insertion of these receptors is a key event in the induction of LTP. Here, we discuss the phosphorylation of GluR1 and GluR4 and its role in receptor delivery and neuronal plasticity.
Introduction
A major component of synaptic plasticity is the regulated post-synaptic trafficking of AMPA-Rs (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors) to the synapse (see e.g. [1] [2] [3] [4] ). Strong synaptic stimuli lead to a transient activation of NMDA (N-methyl-D-aspartate)-sensitive glutamate receptors and an increase in the postsynaptic calcium concentration [5] . The increase in calcium triggers the synaptic insertion of AMPA-Rs in the case of LTP (long-term potentiation) or the removal of AMPA-Rs in the case of LTD (long-term depression) (reviewed in [2] ).
AMPA-Rs are composed of the different subunits GluR1-GluR4 (also named GluRA-GluRD) [6] . Each receptor complex is composed of four subunits [7] . In the adult hippocampus, two species of AMPA-Rs predominate: receptors composed of GluR1/GluR2 and GluR2/GluR3 [8] . GluR4 is expressed in the immature hippocampus as well as in other mature brain regions; it also forms complexes with GluR2 [9, 10] . AMPA-Rs can be subdivided into two groups based on their cytoplasmic tails. GluR2 and GluR3, with a short cytoplasmic tail, tend to cycle continuously between nonsynaptic and synaptic sites. There is evidence that GluR2 is phosphorylated by PKC (protein kinase C) during LTD (see e.g. [11] ). The interpretation of these data is somewhat controversial [12, 13] . In the following, we will focus only on GluR1 and GluR4 phosphorylation. GluR1 and GluR4 have long cytoplasmic tails and are dependent on synaptic activity for their incorporation into synapses [14] . GluR1 and GluR4, however, do have distinct synaptic activity requirements for their synaptic delivery. GluR4 is critical for the function of synapses in the early postnatal phase, when it can be recruited to synapses by weak synaptic activity [9] . Later in development, the GluR4 expression level in hippocampus decreases whereas that of GluR1 increases. Synaptic incorporation of GluR1 requires strong synaptic activity, which drives sufficient calcium entry through NMDA receptors to activate CaMKII (calcium/calmodulindependent protein kinase II). Synaptic delivery of GluR1 is necessary for the establishment of LTP in mature hippocampus: LTP is absent from the CA1 region of GluR1-deficient mice [15] and blockade of the synaptic delivery of GluR1 prevents LTP [16] . Due to the importance of GluR4 and GluR1 in developmental and adult synaptic plasticity, it has been of considerable interest to understand the cellular and molecular mechanisms that underlie the synaptic trafficking of these receptors. There is evidence indicating that different protein kinases play critical roles in the generation of LTP [17] . Therefore understanding the role of kinases for the delivery of AMPA-Rs is pivotal.
CaMKII
A number of studies have concentrated on the role of CaMKII, a kinase abundant in synapses [18, 19] and therefore able to mediate cell signalling in response to calcium transients. CaMKII is thought to mediate directly the signals that ultimately lead to LTP (see e.g. [20] ). The calciumdependent autophosphorylation of CaMKII, which renders its activity independent of calcium for a long period of time, led to the concept of this molecule potentially serving as a 'molecular memory molecule'. CaMKII activation occurs during LTP and its activation is crucial for the induction of LTP [21] [22] [23] [24] [25] . In addition, synaptic stimulation causes a rapid translocation of CaMKII to the synapse in vitro as well as in vivo [26, 27] . Importantly, an acute increase of postsynaptic CaMKII activity leads to a synaptic potentiation and an occlusion of LTP [28, 29] . Given these results, it was of interest to determine the targets for CaMKII and to investigate their role in LTP. GluR1 undergoes a regulated phosphorylation at Ser 831 by CaMKII during LTP [30, 31] . This phosphorylation leads to an increase in the conductance through GluR1 [32] . The effects of CaMKII phosphorylation of GluR1 on its trafficking were investigated in two different ways: mimicking the phosphorylation and blocking the phosphorylation on GluR1. For this purpose, recombinant receptors were introduced into hippocampal slice-culture neurons. Mimicking the phosphorylation by changing Ser 831 to an aspartate residue was not sufficient to drive the receptor into synapses (S.-H. Shi and R. Malinow, unpublished work). Furthermore, mutating the Ser 831 to an alanine residue and thereby blocking the phosphorylation through CaMKII did not prevent the delivery of GluR1 to the synapse during LTP (S.-H. Shi and R. Malinow, unpublished work) or by constitutively active CaMKII [16] . It was concluded that the activity-regulated phosphorylation at Ser 831 had the effect of changing the conductance of the receptor; notably, synaptic receptors display a change in conductance during LTP [33] . These results also led to the conclusion that CaMKII must have targets other than GluR1, which are responsible for the trafficking of the receptor to the synapse during LTP. One possible signalling pathway leads to a synaptic RasGAP (GTPase-activating protein), which can be phosphorylated and may be activated by CaMKII [34, 35] . Furthermore, Ras activity is a crucial downstream component of CaMKII for the induction of LTP and the incorporation of GluR1 into the synapse [36] . Downstream mediators that connect Ras activation to GluR1 trafficking have not been identified.
Recent studies show that another crucial player in LTP is a direct target of CaMKII: Stg (Stargazin) and Stg-like TARPs (transmembrane AMPA receptor regulatory protein). The interaction between Stg and AMPA-Rs was shown to be important for the surface expression and synaptic clustering of AMPA-R [37, 38] . CaMKII and PKC phosphorylate a number of serine residues in the cytoplasmic tail of Stg. Mimicking the phosphorylation in Stg leads to an increase in synaptic AMPA-R, an occlusion of LTP and a block of LTD [39] . Thus a working model is that, during LTP, phosphorylation of GluR1 by CaMKII enhances its conductance, while phosphorylation of the AMPA-R-associated Stg controls its trafficking to the synapse.
PKA (protein kinase A; cAMP-dependent protein kinase)
While CaMKII is believed to be a part of the core mechanism mediating LTP, the role of PKA may be as a modulator of LTP. In early studies, PKA was implicated in the later phases of LTP [40] . However, more recent studies show that PKA can act as a gate for neuronal plasticity [41] . That is, PKA can modulate the induction threshold for LTP. The target for this modulation is not known. PKA can phosphorylate GluR1 at Ser 845 [42] , increasing the open-probability of the receptor [43] . This phosphorylation is seen in tissues that have been exposed to LTP induction after LTD [44] and may contribute to the surface reinsertion of GluR1 [45] . PKA can become recruited to GluR1 via a protein complex. The PKA scaffolding protein AKAP (A-kinase anchoring protein) binds directly to SAP97 (synapse-associated protein 97), which in turn binds to a PDZ motif in GluR1 [46] . Interestingly, mutating the PDZ motif in GluR1 blocks LTP [16] , suggesting that such a complex is required for LTP. Phosphorylation at Ser 845 by drug-induced PKA activity is not sufficient to drive GluR1 into the synapse. On the other hand, preventing the phosphorylation by mutating Ser 845 to an alanine residue leads to a reduced LTP [47] . This is in contrast with mutations of Ser 831 (the site phosphorylated by CaMKII) to an alanine residue, which had no effect on the delivery or on the induction of LTP. PKA phosphorylation is therefore necessary but not sufficient for the synaptic delivery of GluR1. Hence, PKA acts as a gating factor for LTP induction.
The PKA site in GluR1 is conserved in GluR4 [48] . While GluR1 showed no delivery after mimicking phosphorylation of this site, GluR4 shows a strong synaptic potentiation upon mutating the corresponding Ser 842 to an aspartate residue [47] . This potentiation occurs even under conditions of inhibited synaptic activity, indicating that the synaptic delivery of GluR4 with the PKA site phosphorylated needs no further activity-dependent stimuli. In addition, mutational analysis of GluR4 in this study indicates that the phosphorylation is breaking an interaction with a retention molecule that keeps the receptor away from the synapse.
Taken together, the phosphorylation of GluR4 by PKA is necessary and sufficient for plasticity in early development. This mechanism becomes a gate for GluR1-dependent plasticity later in development. One can speculate that, early in development, breaking the interaction with a retention molecule is sufficient for plasticity whereas, later in development, an additional active recruitment of a delivery protein and/ or synaptic stabilization protein is necessary.
Additional insights into the role of GluR1 phosphorylation during LTP and LTD came from experiments with mutant mice in which Ser 831 and Ser 845 were mutated to alanine residues. These mice had reduced LTP and an absent NMDA receptor-dependent LTD in the CA1 region of the hippocampus [49] . In combination with a previous study [44] , this group has proposed a model in which the establishment of LTP and LTD follows a regulated process of phosphorylation and dephosphorylation of GluR1. In the naive synapse, LTD leads to a dephosphorylation at Ser 845 (PKA site) whereas, in the potentiated synapse, LTD leads to dephosphorylation of Ser 831 (CaMKII site). The opposite scenario takes place during induction of LTP: the naive synapse becomes phosphorylated at Ser 831 (CaMKII site) and the depressed synapse becomes phosphorylated at Ser 845 (PKA site). Combined with the results on the phosphorylation status of GluR4, one can speculate that under basal neuronal activity, the PKA site in GluR1 is phosphorylated. Inducing LTP will lead to an additional CaMKII phosphorylation, whereas the induction of LTD would lead to the dephosphorylation of the PKA site.
Conclusions
AMPA-R phosphorylation is a key event in the regulation of receptor trafficking and stabilization at the synapse. CaMKII has to act on targets other than GluR1 to potentiate transmission. PKA appears to act as a gate for neuronal plasticity. Several questions remain to be answered. First, phosphorylation events will most likely change the interaction with other proteins, which function to retain GluR1 away from the synapse, to deliver GluR1 to the synapse or to stabilize GluR1 at the synapse. The phosphorylation-induced alteration of known AMPA-R interaction partners or recruitment of new proteins to AMPA-R is not understood. Secondly, while PKA phosphorylation of GluR4 is sufficient to drive this receptor into synapses, such a mechanism has not been identified for GluR1. That is, until now, there is no known phosphorylation pattern in GluR1 that, if mimicked, allows the receptor to gain access to the synapse. An explanation for this result could be that GluR1 has to interact with a protein that itself needs strong neuronal activity to bring GluR1 into synapses (a candidate would be the above mentioned Stg). Alternatively, there may be additional unknown phosphorylation sites in GluR1 that are responsible for the synaptic insertion. Theoretical predictions for kinase motifs in GluR1 predict a site phosphorylated by PKC, a kinase that is also important for LTP (see e.g. [23] ). We are currently investigating this possibility.
